
Improved two-photon imaging of living neurons 
in brain tissue through temporal gating 

Vini Gautam,1 Jack Drury,1 Julian M. C. Choy,1 Christian Stricker,1,2 Hans-A. Bachor,3 
and Vincent R. Daria1,* 

1John Curtin School of Medical Research, The Australian National University, Canberra, ACT 2601, Australia 
2Medical School, The Australian National University, Canberra, ACT 2601, Australia 

3Research School of Physics and Engineering, The Australian National University, Canberra, ACT 2601, Australia 
*vincent.daria@anu.edu.au 

Abstract: We optimize two-photon imaging of living neurons in brain 
tissue by temporally gating an incident laser to reduce the photon flux while 
optimizing the maximum fluorescence signal from the acquired images. 
Temporal gating produces a bunch of ~10 femtosecond pulses and the 
fluorescence signal is improved by increasing the bunch-pulse energy. 
Gating is achieved using an acousto-optic modulator with a variable gating 
frequency determined as integral multiples of the imaging sampling 
frequency. We hypothesize that reducing the photon flux minimizes the 
photo-damage to the cells. Our results, however, show that despite 
producing a high fluorescence signal, cell viability is compromised when 
the gating and sampling frequencies are equal (or effectively one bunch-
pulse per pixel). We found an optimum gating frequency range that 
maintains the viability of the cells while preserving a pre-set fluorescence 
signal of the acquired two-photon images. The neurons are imaged while 
under whole-cell patch, and the cell viability is monitored as a change in the 
membrane’s input resistance. 

©2015 Optical Society of America 
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Tissue; (110.0110) Imaging systems. 
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1. Introduction 

Two-photon (2P) microscopy is extensively used for imaging optically thick biological tissues 
because of its deeper penetration and intrinsic three-dimensional resolution [1,2]. 
Applications include high resolution imaging of structures, as well as functional dynamics of 
physiological systems such as the brain, heart and lungs [3–6]. In neuroscience, 2P 
microscopes have been utilized for manipulation of neuronal activity, as well as for imaging 
neuronal activity using fluorescent indicators, both in vitro and in vivo [7–9]. With this 
technique, non-invasive photochemical stimulation of neurons can be achieved using methods 
such as photolysis of caged neurotransmitters, [10–12] and neuronal function can be 
monitored by imaging fluorescence from various reports of neuronal activity (e.g. Ca2+ 
indicators and voltage-sensitive dyes) [13–15]. 

Optimizing and re-designing 2P microscopes to suit particular applications have been 
implemented [16–20]. Optimizations in terms of speed of image acquisition as well as 
improved imaging through thick biological tissues are primary concerns. However, when used 
for imaging living cells, extra precautions are required to maintain the viability of cells. The 
diffraction-limited spot size in sub-micrometer region with mW orders of average power of 
the near infrared (NIR) laser can result in energy flux of the order of 1012 Wcm−2 and photon 
flux close to 1032 photons cm−2 s−1. For live biological samples, such high photon flux results 
in a delivery of extremely high power to the cell or tissue components thereby affecting cell 
vitality and could cause irreversible photodamage. Previous studies on various cell types have 
established that the mechanism of photodamage to cells during 2P imaging is biochemical in 
nature. Photodamage is caused by the generation of destructive oxygen radicals and singlet 
oxygen upon incident NIR femtosecond laser pulses, which result in oxidative stress, indirect 
DNA damage and cell apoptosis [21–23]. In some studies, 2P excitation has been shown to 
directly hamper cell division, as well as cause lysis and disintegration of the cell membrane 
resulting in their death [24,25]. Although there have been many studies that have focused on 
the detection and quantification of photodamage to cells during 2P imaging, there have been 
few reports that have addressed overcoming this issue [26–28]. 

Utilizing the 2P technique for imaging live biological samples also requires obtaining high 
fluorescence yield with reduced photobleaching of fluorophores. The biochemical processes 
in the cells together with the photochemical properties of the fluorophores result in 
photobleaching and reduced fluorescence signal during imaging. Strategies to achieve higher 
fluorescence and lesser photobleaching have focused on reducing the light-excitation dose and 
simultaneously maintaining a high fluorescence signal. This has been achieved by varying 
average and peak power, pixel dwell-time, repetition rate and pulse duration of the incident 
imaging laser pulses [29–33]. For instance, it has been shown that reducing the laser pulse 
width to sub - 100 femtosecond enhances the two-photon-excited fluorescence from the 
sample and enables imaging of deeper layers of biological samples [29,33]. Reducing the 
repetition rate of femtosecond pulses to < 200 kHz (regenerative amplification) has also been 
utilized for higher fluorescence emission and deeper penetration depth [30]. Also, temporal 
gating of the femtosecond laser pulses in the range of 0.5-40 MHz have been shown to 
correspond to the triplet state relaxation of common fluorophores, and hence has been 
proposed as the optimum gating range for signal gain in fluorescence microscopy [31,32]. 
While these studies focus on achieving reduced photobleaching and enhanced fluorescence 
from common dyes; they have not highlighted or addressed the issue of light-induced 
alteration of the cell membrane. 

In this work, we show that reduction of the photon flux while obtaining enhanced 
fluorescence emission from the sample could preserve the viability of living neurons in brain 
tissue. We reduce the incident photon flux by temporally gating the laser thereby producing a 
periodic bunch of femtosecond pulses. Temporal gating of the incident laser is achieved via 
an acousto-optic modulator (AOM) with frequency chosen as integral multiples of the 
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imaging sampling frequency. The gating produces a bunch of ~10 femtosecond pulses and is 
synchronized with the imaging sampling rate, with a setting of one to six bunches per pixel. 
Temporal gating reduces the average power delivered onto the sample. To improve the 
fluorescence yield, we compensate by increasing the bunch-pulse energy. However, high 
bunch-pulse energy compromises cell viability as it increases the probability of photodamage 
to the neuron. Here, we show that there is an optimum gating frequency range that produces 
enhanced fluorescence signal but with minimal effect on the cell membrane and therefore 
maintaining cell viability. 

2. Methods 

2.1 Optical setup 

The custom-built 2P microscope used in the experiments is part of system described in our 
previous works [10,11]. Figure 1(a) describes the basic geometry of the system. For 2P 
fluorescence imaging, galvanometer (GM) scanning mirrors were used to scan a linearly 
polarized TEM00 laser beam from a NIR Ti:S laser (Coherent Inc. MIRA 900) pumped by a 
12W optically pumped semiconductor laser (Coherent Verdi G). The same sample region was 
viewed via an upright differential interference contrast (DIC) microscope (Olympus 
BX50WI) for patching the neuron with a microelectrode. DM1 reflects the NIR laser beam 
(<810 nm wavelength) to the objective and transmits NIR light (>810 nm) from the light 
source at the bottom of the microscope for DIC imaging mode. A 2P image is obtained by 
raster scanning the laser along the sample using galvanometer mirrors (GM) and relay lenses 
(L). The fluorescence from the sample is directed to a second dichroic mirror (DM2), which 
reflects wavelengths below 700 nm onto a photomultiplier tube (PMT). The imaging routine 
is controlled using custom software developed in Labview (National Instruments), with 
intensity control using a polarizing beam splitter (PBS) and a half-wave (λ/2) plate on a 
motorized rotating stage. 

 

Fig. 1. (a) Schematic showing the experimental set-up with temporal gating using an acousto-
optic modulator (AOM). (b) Schematic showing a bunch of femtosecond pulses gated with a 
bunch pulse width, σ~140ns, period of 1/fR (where fR is the gating frequency) and average 
power <Pin> before and <Pout> after the AOM. The top trace depicts the un-gated femtosecond 
laser. Bottom trace shows temporal gating where <Pout> is less than <Pin>. (c) Schematic 
depicting a constant energy in one pixel (pixel dwell time To = 2.5 μs) with varying gating 
frequencies. Note that a low fR requires a high <Pin>. Here fs is the sampling frequency and n = 
fR/fs is the number of bunches per pixel. 
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Temporal gating was achieved using an AOM (AA Opto ST110-A1-B4) along the laser 
path prior to the 2P microscope. The AOM was driven by a radio-frequency driver (AA Opto 
MODA110-B4-33). Timing and triggering of the AOM driver is achieved with a digital 
output signal from a data acquisition interface (National Instruments PCIe-6363) where a 
Labview program sets the gating frequency synchronized with the image sampling routine. 
Although the entire imaging and gating routine can be controlled using a single computer, the 
current setup uses separate controls where Computer 1 is used for imaging while Computer 2 
is used to drive the gating routine. The average laser powers, <Pin> and <Pout> were 
monitored before and after the AOM, respectively. <Pout> is effectively measured at the 
sample plane. Intuitively, temporal gating reduces the average power delivered onto the 
sample (Fig. 1(b)). We then compensate the bunch-energy by increasing <Pin> while keeping 
a fixed bunch width, σ (Fig. 1(c)). 

2.2 Calibration 

 

Fig. 2. (a) Relation between gating frequency, fR and <Pin> for a constant <Pout> = 0.5 mW, 
shown on a log-log plot. The data fit has a slope of −0.94. (b) Relation between gating 
frequency, fR and fluorescence, F for a constant <Pout> = 1 mW, shown on a log-log plot. The 
data fit has a slope of −1.02. Inset shows an image of the fluorescent microspheres used to 
perform these experiments. 

From the conservation of energy, maintaining a constant <Pout> sets <Pin> to follow an 
inverse relation with gating frequency given by 

 1
out R inP f P σ−< > =< >  (1) 

where σ is the bunch width, and fR is the gating frequency. Such inverse relation is also shown 
in Fig. 2(a). We then analyzed how temporal gating affects the fluorescence signal for 
rendering an image. Incorporating the standard 2P relation [34], the time-integrated 
fluorescence signal per pixel <F> measured within a finite pixel dwell time, To = fs

−1 (where fs 
is the sampling frequency) is given by 

 2
inF n P< > ≈ < >  (2) 

where n = TofR is the number of bunches within To. Combining Eqs. (1) and (2), we obtain the 
following relation: 

 
2

2

1
outo

R

T P
F

fσ
< >

< > ≈  (3) 
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We evaluated Eq. (3) by imaging 2 μm diameter fluorescent latex microspheres (Molecular 
Probes, Inc) with temporal gating set-up while maintaining a constant <Pout> = 1 mW. The 
microspheres emit green fluorescence following the 2P excitation from a focused near-
infrared femtosecond pulsed laser. The fluorescence intensity from the microspheres was 
quantified using ImageJ (National Institutes of Health) by subtracting the background from 
the maximum fluorescence signal of a group of microspheres. Our results show that for the 
same <Pout>, the fluorescence intensity increases at lower gating frequencies (Fig. 2(b)), and 
Eq. (3) fits well with the experimental data. 

2.3 Preparation of brain slices 

Parasagittal brain slices (300 μm) were obtained from 15 to 19-day-old Wistar rats. Upon 
following standard procedures for isolating the brain from the animal, the slices were cut with 
a vibratome (Leica VT1200S) in ice-cold oxygenated artificial cerebrospinal fluid (ACSF) 
that contained (in mM): 1.25 NaH2PO4, 1.0 MgCl2, 125.0 NaCl, 2.5 KCl, 2.0 CaCl2, 25.0 
NaHCO3, and 10.0 glucose. Slices were incubated in oxygenated ACSF at 34°C for 30 min 
and kept at room temperature before being transferred to the recording chamber. Animal 
experiments were performed according to methods approved by the Animal Experimentation 
Ethics Committee of the Australian National University, Australia. 

2.4 Fluorescence imaging of neurons 

Pyramidal cells in layer V in the somatosensory cortex were chosen as target neurons in the 
slices. The neuron was patched with a glass electrode (resistance: 4–6 MΩ) containing (in 
mM): 115.0 K-gluconate, 20.0 KCl, 10.0 HEPES, 10.0 phosphocreatine, 4.0 ATP-Mg, 0.3 
GTP, 5.4 biocytin, and 300 μM of AlexaFluor-488 (Sigma-Aldrich). The dye was allowed to 
diffuse into the neuron for 20–30 min before imaging. Image stacks with pixel dimensions of 
500 X 500 pixels were obtained with 1-μm increments in the z-direction. ImageJ was used for 
3D visualization of the cell. Image acquisition triggers the temporal gating of the incident 
laser via the AOM. Neurons at different depths in the slice were selected and imaged using 
the same procedure except that images were taken at only one plane for these experiments. 

2.5 Electrophysiology 

The neurons were tested for their viability and functionality by recording the membrane’s 
voltage response and action potentials in response to a depolarizing current pulse in current 
clamp mode. Photodamage of the neurons was quantified by recording the current across the 
cell membrane before and after obtaining the image. The glass electrode used to fill the cell 
with dye was also used as the recording electrode. Recording of input membrane currents was 
done in whole-cell voltage clamp mode using a MultiClamp 700B amplifier (Molecular 
Devices). Action potentials from the cells were recorded in whole-cell current clamp mode 
using the same amplifier. Only cells with a stable resting membrane potential from the start of 
the patch were chosen for recording. The input resistance (Rin) of a cell was extracted from the 
voltage response to the application of small current steps (500 ms duration, steps in 
increments of 40 pA, 1 Hz) through the recording electrode, and extracting the slope value. 
The values of Rin across cells in the brain slices varied between 10 MΩ to 100 MΩ. Rin was 
obtained for each cell both before and after imaging, and analysis was done using Axograph X 
(Axograph Scientific). The error in the value of Rin was obtained from the standard deviation 
in the voltage traces. The results were accepted only for mean differences in Rin with 
significance in Student’ t-test (Pt) <0.001. 
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3. Results and discussion 

3.1 Imaging neurons using temporal gating 

We utilized the temporal gating setup to image neurons in brain tissue and compared it with 
imaging in un-gated mode. We observed that temporal gating could be utilized to efficiently 
image a neuron at very low average powers as compared to imaging without temporal gating. 
Figure 3 shows images of layer V cortical pyramidal neuron obtained with and without 
temporal gating of the imaging laser at low values of <Pout> = 0.5 mW. Figure 3(a) shows a 
weak image of the neuron obtained without temporal gating. With temporal gating (Figs. 3(b)-
3(d)) and maintaining <Pout> = 0.5 mW for various gating frequencies, the neuron’s soma and 
dendrites appear visible. Highest fluorescence signal is achieved when the gating frequency is 
set to 0.4 MHz. 

 

Fig. 3. Images of a layer V cortical pyramidal neuron obtained (a) without and with temporal 
gating with frequencies set at: (b) 2.4 MHz; (c) 1.2 MHz and (d) 0.4 MHz. All the images were 
taken at <Pout> = 0.5 mW. Scale bar = 20 μm. 

 

Fig. 4. Projected 3-D images of active neurons in a brain slice, imaged (a) without temporal 
gating (b) at 2.4 MHz gating frequency, for a constant <Pout> = 2.5 mW. Scale bar = 20 μm. 
Panels (c), (d) show a selected dendritic area from the neuron for the two modes in (a) and (b) 
respectively. Panel (e) compares the relative fluorescence intensity profiles measured for the 
selected areas in (a) and (b), and panel (d) shows the fluorescence profiles along the 
highlighted line in (c) and (d) respectively. 
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Figures 4(a) and 4(b) show the 2P images of a neuron in a brain slice as obtained without 
temporal gating and at a gating frequency of 2.4 MHz. Both sets of data were collected for a 
higher average power, <Pout> = 2.5 mW. A comparison between Figs. 4(a) and 4(b) show that 
the image obtained using temporal gating is brighter. This image is also sharper, and some of 
the finer dendritic structures like spines are visible. A magnified area in the two images is also 
compared in the figure. The respective profiles of fluorescence intensities as a function of 
position over these images are shown in Figs. 4(c) and 4(d). The peaks in these images 
correspond to the features of the neuron body, and as observed in Fig. 4(d), the dendritic 
structures (spines) have higher intensity peaks and hence are significantly clearer. The 
enhancement in fluorescence emission from neuronal structures with temporal gating in the 
frequency range ~2.4 MHz is up to five-fold when compared to the un-gated mode for 
imaging. 

These results were consistent for cells within a brain slice, as well in slices from different 
animals. The results show that temporally gating the laser results in improved fluorescence 
emission from the neuron in a brain slice. In two-photon imaging, the option of increasing the 
laser power to obtain higher fluorescence is usually limited by the possibility of photodamage 
to the cells and hence, maintaining a low powers to obtain higher fluorescence is usually 
desirable. The temporal gating technique shown here simultaneously maintains a low photon 
flux and enhances the fluorescence emission from the sample when compared to imaging 
without temporal gating. It hence offers a superior way to improve fluorescence imaging of 
biological samples. 

We further investigated if the temporal gating technique could be utilized to image cells 
located deep within the brain slice. Neurons at various depths in the brain slices were selected 
and imaged at various gating frequencies. The relation between fluorescence as a function of 
the depth of the neurons’ soma in the slice for various gating frequencies is shown in Fig. 5. 
As expected, the fluorescence from a cell decreases as a function of its depth in the tissue due 
to scattering. However, it can be seen from the plots that temporal gating improves the 
fluorescence signal at all depths, and gated excitation of a neuron deep in the tissue yields a 
significantly higher signal compared to the constant excitation. 

 

Fig. 5. Fluorescence intensity measured as a function of depth of the neurons within the brain 
tissue, shown for 1.2 MHz and 2.4 MHz frequencies, and compared with those obtained 
without gating. The data corresponding to each depth on the x-axis is from the same cell. 

Acquiring images through significant depths of physiological systems such as the brain 
has been a challenge because the heterogeneity results in strong scattering by the various 
tissue components, and limits the spatial resolution necessary to resolve individual neurons 
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and neuronal processes. Although recent work with 2P imaging techniques have enabled the 
imaging of neurons up to 1.6 mm deep inside a mouse brain in vivo [35], it has been difficult 
to penetrate deeper than that. Our results show that temporal gating of laser pulses in the 
range 1-3 MHz offers the ability to achieve a higher fluorescence signal from living cells 
deeper in the tissue and is hence a promising tool that could be integrated with/incorporated 
into existing techniques for deep brain imaging and optogenetics. 

3.2 Implications for photodamage 

As discussed in the sections above, the idea of temporal gating enables one to image 
fluorescence from a neuron at reduced average power of the 2P laser. The reduced values of 
average powers point to a lower probability of photodamage caused by the laser beam to the 
cells. We carried out a set of experiments to quantify the photodamage of the neuronal cells 
whilst using the temporal gating method for imaging. In these experiments, the selected 
neuron in the physiologically maintained brain slice was filled with the dye solution for 
imaging, tested for its viability and functionality, and the membrane input resistance, Rin was 
recorded before and after imaging with the 2P technique, with and without temporal gating. 
Also, the <Pout> was adjusted in a range to maintain a pre-set maximum fluorescence signal in 
the images acquired at the different gating frequencies. 

We expected that the occurrence of photodamage during the 2P imaging would cause a 
change in cell membrane’s ion permeability, thereby resulting in a change in the value of Rin 
after the imaging. We therefore take the magnitude of change in the membrane’s input 
resistance (ΔRin) as the measure of photodamage. Typical results from a neuronal cell are 
presented in Fig. 6. It appears that the change in the input resistance, where |ΔRin| = |Rin(before 

imaging)-Rin(after imaging)| follows a certain trend across the gating frequencies. The ΔRin is 
minimum at 2.4 kHz, and then starts to increase as the temporal gating frequency is reduced 
to 0.4 MHz, and is also higher for the un-gated mode of imaging. This trend was consistent 
across neurons within or in different brain slices. Our results imply that ~1.2 - 2.4 MHz is an 
optimum gating frequency range at which photodamage of the cell membrane is minimal. 

 

Fig. 6. (a) Representative profile of membrane voltage across a neuronal cell in response to 
input current steps. The membrane voltage value is calculated at the arrows marked. (b) An 
example of the membrane-voltage-current response curve from which Rin values are calculated. 
(c) A typical behavior of change in a cell’s input resistance (ΔRin) as a function of gating 
frequency, fR and corresponding <Pout>. Here, Normalized |ΔRin| = |Rin(before imaging)-Rin(after 

imaging)|/Rin(before imaging). The error bars in |ΔRin| are calculated from the standard deviation of 
membrane voltage in panel (a). Solid lines have been used to show discontinuity between gated 
and un-gated modes of imaging. 
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It is possible that imaging with a temporally gated 2P laser with a high bunch-pulse energy 
results in a non-linear interaction with the cell membrane, causing more photodamage 
compared to prolonged exposure to a low power un-gated laser. However, quantification of 
this dependence has not been carried out in this study. Further, a limitation set by our existing 
instrumentation is the pulse-width of the temporal gate. We are currently limited to the speed 
of the DAQ, which sets a minimum bunch-pulse width of σ = 140 ns. The relatively long 
bunch-pulse width could have possibly affected the neurons at the lowest repetition rate (0.4 
MHz) equivalent to one gated bunch per pixel. However, with the current device limitation, it 
is difficult to decrease the bunch-pulse width and show its effect. Furthermore, the gating 
frequency fR = 2.4 MHz is another limitation of our instrumentation. It should also be noted 
that in the experiments for quantification of photodamage, the pre-set maximum fluorescence 
signal was kept in a low range where the photodamage could be observed within one cell for 
all gating frequencies, but was not drastic enough to damage the cell after imaging at one 
frequency. This could also be one of the reasons of low magnitudes of ΔRin observed in our 
studies (the magnitude for change in Rin varied in the range 0.1 - 15 MΩ). 

High peak powers to enhance fluorescence have been previously used in saturated 
excitation imaging of various materials including biological cells [36–38]. However, these 
studies have focused on achieving high spatial resolution. It has also been shown previously 
that having one femtosecond pulse per pixel, like the implementation with regenerative 
amplifiers [30], could improve the fluorescence yield from samples. However, there has been 
no study yet of using regenerative amplification of laser pulses and its effect on cellular 
membranes similar to what have been provided in this work. Regenerative amplifiers operate 
on a pre-set wavelength and designed with slow repetition rates (10 to 250 kHz) that could 
limit the speed of image acquisition. Nevertheless, combining the regenerative amplification 
with a passive pulse splitting optical setup [28] could be used to increase the repetition rates 
of regenerative amplifiers as integral multiples of the base frequency, which could in turn be 
used to achieve high fluorescence yield whilst reducing photodamage. Our temporal gating 
technique attains improved fluorescence signal whilst inflicting low photodamage on living 
cells and therefore presents a far simple and cost-effective way to achieve improvement that 
approaches a system, which uses a regenerative amplifier. 

4. Conclusion 

In this work, we have improved 2P imaging of living neurons in brain tissue by temporal 
gating of the incident femtosecond-pulse laser. The set-up of temporal gating was integrated 
with a 2P laser scanning microscope to image neuronal cells in brain slices and obtain 
enhanced fluorescence from the deeper layers of the tissue. While using this technique, we 
could further maintain minimal average laser power incident on the sample, thereby 
overcoming the limitations of photodamage of the sample and photobleaching of the 
fluorophores. In addition to fluorophore stability, we report an optimal range of gating 
frequency, which maintains cell viability whilst improving fluorescence yield. In this 
frequency range, the photodamage to the cells is minimal, yet the fluorescence emission is up 
to five-fold higher than that obtained with un-gated mode of imaging. Our work highlights the 
use of temporal gating for imaging fluorescence from living biological samples where cell 
viability and photodamage are issues of major concern. Ongoing studies are directed towards 
integrating the temporal gating technique with our existing 2P microscope [10,11] for multi-
site photochemical stimulation of neurons. 
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